Absorbed doses from photons have been measured in homogeneous and inhomogeneous phantoms including homogeneous water phantoms (Delafield, 1966; Spiers, 1956) , tissue-equivalent homogeneous phantoms (Spiers and Overton, 1962) , and humanoid phantoms (Jones et al., 1973; Gatty et al., 197 4) . These results are often difficult to evaluate because of (a) the limited range of irradiation geometry and energy, (b) the use of different phantoms by different authors, (c) measurement problems and the difficulty in interpreting measurements in terms of organ doses, (d) problems of comparison due to incomplete specification of experimental conditions.
In recent years, the use of computational methods to obtain conversion coefficients from often more readily measurable field quantities has become an alternative to more direct but difficult measurements in a phantom. Radiation transport calculations have been applied to many exposure conditions and various phantoms. The adaptation of the methods developed originally for computing organ doses from internal sources has also proved of value for external radiation studies. Most conversion functions in this Report are based on Monte Carlo transport calculations.
B.1.2 Methods and Results of Radiation
Transport Calculations in the Heterogeneous MIRD-5 Phantom
The mathematical MIRD-5 phantom was developed by Snyder and co-workers to estimate doses to organs from internal photon-emitting radionuclides (Snyder et al., 1969) . More recent data presented in ICRP Publication 30 (ICRP, 1979) and its supplements are also based on similar Monte Carlo calculations (Snyder et al., 1974) . The phantom has also been used for external exposures, with irradiation conditions relevant to occupational and environmental situations (Koblinger and Zarand, 1973; Jones et al., 1973; Poston and Snyder, 1974; Kramer and Drexler, 1977;  22 Jones and Poston, 1978; O'Brien and Sanna, 1978; Kramer and Drexler, 1979a, b; Eckerman et al., 1980) . Within the precision of the different methods employed, these data are in agreement (Rosenstein, 1982) .
In this report, the organ dose conversion functions for photons have been calculated with male (ADAM) and female (EVA) phantoms ( Figure B .1) (Kramer et al., 1982; Williams et al., 1983 Williams et al., , 1985 derived from the MIRD-5 phantom. With a few exceptions, the standard errors of the numerical values are less than 5%.
Data are presented in Figures B.2 Photon energy I MeV   Fig. B .3. Dose equivalent, HT, to the ovaries (female gonads); per unit fluence, in the anthropomorphic phantom EV A irradiated by monoenergetic photons. Five geometries are considered in the calculations: AP, broad parallel beam from front to back (anteriorposterior); PA, broad parallel beam from back to front (posterioranterior); LAT, broad parallel beam from the side (lateral); PL.IS., planar isotropic field, perpendicular to body axis; IS, isotropic field. In this and in subsequent diagrams the curve for the ambient dose equivalent, li*(lO), is inserted for comparison. 
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Photon energy I MeV monoenergetic photons with energies from 10 ke V to 10 Me V in five different geometries: in a broad parallel beam incident from the front (AP), back (PA) and lateral directions, a planar isotropic field, and a spatially isotropic field. In the case of skin, whatever the geometry of the radiation field, the incident photons are unattenuated by other tissues and, therefore, the AP, PA, and lateral parallel beam results coincide when expressed as the maximum value of the skin dose equivalent. In the calculation, the dose equivalent to the skin is derived as an average over the frontal skin of the trunk of the body in the planar isotropic and spatially isotropic fields. The effective dose equivalent and all other organ dose equivalents depend on the geometry of the radiation field. In most cases, the maximum dose equivalent for a given fluence and a given organ occurs for the AP unidirectional parallel field. An exception arises in the case of bone: because of the photoelectric effect and the shallow depth of the spinal column and pelvis below the body surface, the maximum dose equivalent at some energies occurs in a PA unidirectional field. For all but the shallowest organs, the calculated organ dose equivalents do not vary greatly with the geometry of the radiation field. For photon energies above 0.1 MeV, the variation in organ dose equivalents is ±30%. Below 0.10 MeV, the variation is much greater. Thus, the irradiation geom-
Photon energy I MeV etry that results in the maximum dose equivalent for all organs, except bone, is AP unidirectional. Figure  B .2 shows the ambient dose equivalent as a function of photon energy; this curve is superposed on all subsequent figures to permit comparison. Figure B .16 shows the effective dose equivalent per unit exposure (in free air) to provide a link with past radiation protection practice.
B.1.3 Methods and Results of Radiation
Transport Calculations in the ICRU Sphere Relevant investigations of the dose equivalent distribution in the ICRU sphere from photon irradiation have been performed mainly by Monte Carlo calculations. In comparing the results from different investigators, the differences in cross-section and conversioncoefficient data used, the calculational methods applied and the geometrical grids introduced into the sphere must be noted. Dimbylow and Francis (1979) used the photon cross sections given by Storm and Israel (1970) ; Grosswendt's calculations (Grosswendt and Hohlfeld, 1981) are based on the data published by Hubbell (1977 ), while Drexler (1978 , Kramer (1979) and Williams et al. (1983) took the DLC-7F photon interaction library in ENDF Format (DLC7). However, the differences among these data sets are not great and are unlikely to be a significant factor in accounting for the differences in the results.
All the workers cited above, except Dimbylow and Francis (1979), calculated the kerma (i.e., energy transport by electrons was disregarded). In Dimbylow and Francis, the spatial distribution of the energy deposited by electrons was taken into account. Two different types of three-dimensional grids were used to construct the volume elements in the sphere. Drexler (1978) , Kramer (1979) , Dimbylow and Francis (1979) , and Grosswendt and Hohlfeld (1981) , all used a spherical grid given by a set of shells intersected by cones of various solid angles. Williams et al. (1983) divided the sphere by a cylindrical grid around the principal axis and by closely spaced planes perpendicular to the principal axis.
The results reported by the different authors exhibit various standard errors, for example, ::::;;1 percent Williams et al. (1983) , Dimbylow and Francis (1983); ::::;;3 percent Grosswendt and Hohlfeld (1981) . In Figure  B .17, the deep dose-equivalent index, normalized to free-field soft-tissue kerma for a unidirectional parallel field of photons, is plotted to illustrate the measure of agreement. While there are some systematic differences, a good fit between the data sets is obtained, particularly in the most recent work.
Dimbylow's 1979 values relate to a sphere in vacuum where electronic equilibrium is not established at the surface. In practice, at high-photon energies, charged particles equilibrium may be partially established, in which case the depth-dose distribution in the sphere would lie somewhere between the extremes represented by Dimbylow's values and the other values.
Further, practical situations more commonly involve broad spectra and wide angular distributions (Grosswendt, 1979; Grosswendt and Hohlfeld, 1983; Kramer and Drexler, 1979a; Burger and Drexler, 1981; Dimbylow and Francis, 1979) . and electrons scattered from air and the surroundings, and are often represented quite well by the kerma approximation, which is, therefore, utilized throughout this Report. This implies that one should not include a correction for secondary electrons created outside the body if the kerma approximation is used.
For some geometries at higher photon energies, e.g., unidirectional irradiation, as illustrated in Table B .1, the maximum of the dose equivalent occurs closer to the lateral circumference of the sphere rather than on the principal axis. This maximum value never exceeds the maximum on the principal radius by more than 9 percent. The same peculiarity also occurs for electrons, and possibly neutrons. As shown in Table B .1, over an appreciable energy range, the application of the kerma approximation to obtain the dose equivalent at appropriate depths on the aligned radius would 1.075 ± 0.002 1.156 ± 0.001 1.08 1.00
1.047 ± 0.001 1.123 ± 0.001 1.07 1.25
1.036 ± 0.001 1.107 ± 0.001 1.07 3.00
1.015 ± 0.001 1.058 ± 0.001 1.04 6.00
1.013 ± 0.001 1.033 ± 0.001 1.02 10.00
1.010 ± 0.001 1.022 ± 0.001 1.01 also provide estimates of the dose equivalent at the circumference to within 10 percent. The data of Williams et al. (1983) , which have a statistical error of less than 1 percent, form a smooth curve through all the other values. The photon data in the sphere given in Section B.1.3.1 are, therefore, essentially based on calculations of Williams et al. (1983) .
B.1.3.1 Unrestricted, Deep and Shallow Dose Equivalent Indices. Data for the unrestricted, deep and shallow dose equivalent indices are presented in Figures B.18 to B.20 for photon energies from 10 keV to 10 MeV for three geometries, viz., a unidirectional beam, a planar isotropic field, and a fully isotropic field. The values of dose equivalent indices for these geometries differ by no more than a factor of 2 for energies greater than 0.1 MeV. Below 0.1 MeV, the variation is greater.
Above 0.05 MeV, the deep and shallow indices calculated for the same field geometry are the same to within 10 percent. Below 0.05 MeV, there is greater difference between the deep and shallow dose equivalent indices. The highest value of the deep dose equivalent index is found with the unidirectional beam, as indicated in Figures B.18 B.l.3.2 Depth Dose Equivalent on the Aligned Radius. The dose-equivalent values at various depths along the aligned radius below the surface of the sphere are shown in Figures B.21 to B.26. It is clear that the highest value of the dose equivalent occurs for a unidirectional field and that at a depth of 1 cm in the sphere, the values are nearly the same as those of the deep dose-equivalent index, shown in Figure B .18. Figure B .21 shows that in the case of unidirectional radiation, the numerical values are almost the same in all cases above 30 keV.
B.l.3.3 Average Dose Equivalent. The average dose equivalents, either for the whole ICRU sphere or any shell of it, have the attractive property of retaining the same value at a given fluence regardless of the angular properties of the radiation field, and are shown in Figures B.27 and B.28. Above 0.1 MeV, the average dose equivalent within any shell varies little between shells. As the photons become less penetrating below 0.05 MeV, there is substantial variation in the average dose equivalent with the position of the shell, the outermost shell receiving the highest average dose equivalent. The dose equivalent average for several shells of the sphere and for the whole sphere are compared with ambient dose equivalent which is always much larger. The energy dependence does not closely match the maximum organ dose equivalent or the effective dose equivalent. 
Photon energy I MeV Photon energy I MeV Data on absorbed doses from neutrons 4 consist mainly of results of Monte Carlo calculations on phantoms of the MIRD-5 type (Burger et al., 1981 , Nagarajan et al., 1981 , and experimental verifications of these calculations have not been made.
Note may be taken, however, of the related work of Hubbell et al. (1974) which gives confidence in the theoretical approach. Measurements were made of absorbed doses in a cylindrical phantom 30 cm in diameter and 60 cm high at various depths along a central diameter, parallel to an incident beam of neutrons from fission or D-T sources. Calculations were made using the same phantom and sources. When care was taken to ensure that there was a close match between the experimental arrangement and the parameters of the model, good agreement was found between theory and experiment. 4 All neutron-dose data in this Report include the contribution from secondary gamma rays produced by interaction of the neutrons with the appropriate phantom. It has long been the practice to undertake calculations and calibrations for neutrons on the basis of fluence. The neutron fluence-to-dose-equivalent conversion coefficient was based on the maximum dose equivalent (MADE) values for normally incident, broad unidirectional beams of neutrons on suitable phantoms.
Recently, Monte Carlo calculations for dose equivalent values in organs and effective dose equivalent have been undertaken employing the same phantom as for the photon calculations ( Figure B.1) . The results are subject to a statistical uncertainty of about 5 percent or less.
Supplementary calculations have also been carried out with the CHORD method (Jones, 1977) , which considers the chord length along rays through the organs of a MIRD-5 phantom and assumes that the depth-dose curve is the same for each ray, with density corrections for organs such as lungs (Burger et al., 1981) . There is reasonable agreement between the two methods, though the CHORD method tends to give values that are somewhat too high. The ambient dose equivalent is given in Figure B sented in Figures B.30 through B .40 in which data for monoenergetic neutrons with energies from thermal to 15 Me V are presented for AP and PA unidirectional radiation, for planar isotropic radiation, and for spatially isotropic radiation. As with photons, the different geometries give distinctly different values for the dose equivalent. For a given fluence and a given organ, the maximum dose equivalent nearly always occurs for AP parallel irradiation. In Figure B .38, the ambient dose equivalent is compared with the effective dose equivalent as a function of neutron energy.
B.2.3 Methods and Results of Radiation
Transport Calculations in the ICRU Sphere Information referring to the ICRU sphere is obtained from the Monte Carlo calculations of Chilton and his co-workers (Chen and Chilton, 1979; Chilton and Shiue, 1981; Shiue and Chilton, 1983) , which covered the energy range from thermal to 20 Me V. The results are subject to a standard deviation of about 5 percent or less. Similar calculations have been carried out by Burger et al. (1981) , Morhart et al. (1981 Morhart et al. ( , 1983 and, in the high-energy region, by Hollnagel and Siebert (1981) . All the data are in good agreement, as shown in part by Figure B .41.
Data presented in the works cited are summarized in this Report for monoenergetic radiation from unidirectional, planar isotropic, and spatially isotropic fields ( Figures B.41 to B.51) .
B.2.3.1 Unrestricted, Deep and Shallow Dose Equivalent Indices. As with photons, the values of the neutron dose equivalent indices normalized to unit fluence vary considerably with energy. This is illustrated in Figures B.41 to B .43 for neutron energies between 1 eV and 20 MeV. It is important to note that Chilton and his co-workers calculated the dose equivalent in a fashion that took into account the recoil proton and secondary electron transport near the surface of the sphere, whereas Burger and co-workers used the kerma approximation entirely. This may account for some differences between values of the shallow dose equivalent calculated by these two groups.
The spatial distribution of dose equivalent in the ICRU sphere is somewhat complex, and this is reflected in the several crossings of the deep and shallow index lines in these figures. At thermal energies, the maximum, due mostly to protons from the (n,p) reaction with nitrogen, is at a depth of about 5 mm; but, at higher energies, the neutrons become more penetrating and the (n,p) contribution has a maximum at a depth greater than 10 mm. The crossover between 1 keV and 10 keV is due to a shift in relative importance of the (n,p) reaction and to the proton recoil and secondary electron contribution from elastic scattering of neutrons on hydrogen, which tends to have a maximum near the surface. B.2.3.2 Depth Dose Equivalent on the Aligned Radius. Data for the dose equivalent values on the aligned axis at several significant depths, for unidirectional, planar isotropic, and spatially isotropic fields, are presented in Figures B.44 to B.46 . The dose equivalent at 10-mm depth in a unidirectional field is almost identical to values derived from the deep dose equivalent index over most of the energy range. The same data for 10-, 20-, 40-, and 60-mm depth are plotted in Figures B.47 to B.49. The results for the specified-depth dose equivalent for planar isotropic fields and spatially isotropic fields are also plotted in Figures  B.45 Figure B .50, the shells are 10-mm thick, located at various depths inside the phantom. The energy dependence does not closely match the maximum dose equivalent in the organs or the effective dose equivalent.
B.3 Beta Rays and Other Electrons

B.3.1 Experimental and Calculational Approaches
For f3 rays and monoenergetic electrons below about 2 MeV, the depth in tissue of interest for radiation protection purposes is no more than a few millimeters. It is, therefore, possible and indeed usual to use very simplified models (e.g., the plane, semi-infinite slab). For energies above 2 MeV, it would be necessary to consider the dose equivalent to organs lying deeper than the skin and the lens of the eye, and models such as the MIRD-5 are appropriate.
In the case of external exposure to beta emitters in a variety of situations (immersion in clouds, exposure to point or distributed sources at distances within the range of the electrons), the depth doses always decrease monotonically. The ratios of the absorbed doses in each of these situations for different radionuclides at the surface of the body to the doses at a depth of 3 mm are shown in Tables B.2 and B.3. Table B .2 relates to exposure in a semi-infinite cloud of activity; Table  B .3 relates to planar sources at arm's length both for single nuclides and parent-daughter combinations. In such parent-daughter combinations, the parent nuclide is characteristically a low-energy f3-emitter and the daughter is characteristically a high-energy {Jemitter. Ratios of the absorbed dose at the surface (or at 0.07-mm depth) to the absorbed dose at 3-mm depth are given. From Table B .3 it can be concluded that with sources in which single-valued, highly energetic transitions (>3.5 MeV) are unlikely, the ratio of the absorbed dose to the skin and the lens will always exceed 3.3, i.e., the ratio of currently adopted limits for the skin and the lens and therefore the skin is limiting.
B.3.2 Methods and Results of Radiation
Calculations of dose distributions in the male and female versions of a MIRD-5 phantom have been performed using a treatment-planning algorithm at electron energies from 5 to 46 Me V for various directional distributions (Muller et al., 1981) . The results are presented in Figure B .56 where they are compared with calculations performed for the ICRU sphere.
B.3.3 Methods and Results of Transport
Calculations for the ICRU Sphere
The distribution of dose equivalent throughout the ICRU sphere has been determined in Monte Carlo calculations for electrons from 5 to 21 Me V (Peixoto et al., 1981) and for electrons of 10 and 100 MeV (Lund and Stevenson, 1981) . Various parameters, particularly the dose equivalent index, have been derived for unidirectional irradiation and for other directional distributions. The work of Peixoto et al. (1981) was based on a Monte Carlo code developed by Abou Mandour (1979) for computing the dose distributions of monoenergetic pencil beams of electrons. Calculations were initially performed for a graphite sphere of radius 8.4 cm and density 1.8 g/cm 3 according to the available Monte Carlo program for carbon, and the results were converted to the sphere ofradius 15 cm and density 1.0 g/cm3 of ICRU tissue-equivalent material (ICRU, 1980) using the similarity rule of electron absorption (Harder, 1970) . Lund and Stevenson (1981) took water as a sufficiently accurate substitute for ICRU tissueequivalent material (an appropriate assumption for high-energy electrons).
The typical appearance of the relative dose distributions of high-energy electrons in a spherical phantom is shown in Figures B.52 to B.54. The dose-equivalent values, H, are represented by the percentage ratio H/H0, where the reference value H 0 is the maximum dose-equivalent value obtained when a broad parallel electron beam of the same energy and fluence irradiates a semi-infinite slab phantom from a direction normal to the surface. As Figure B .52 shows, the principal influence on the dose distributions is the electron range. In addition, lateral multiple scattering of electrons causes overlap between adjacent pencil beams. This effect can lead to dose maxima near poles of the sphere, i.e., in regions of approximately tangential incidence ( Figure B .52). In this region, the overlap occurs between pencil beams that have entered the sphere at different downstream positions and, therefore, develop their lateral spread at different depths (Blohm et al., 1979) . For rotational incidence, the dose distributions show the appropriate symmetry ( Figure  B .53). For spatially isotropic irradiation, the depthdose curve taken along any single radius is representative of the complete dose distribution (Figure B.54) . These values also represent average dose equivalents for thin shells at the various depths, for all kinds of angular distribution.
Characteristic dose values have been obtained from these dose distributions and converted to dose-fluence ratios, which can be derived from the Ho-P relation for ICRU tissue-equivalent material (Table B .4). These data are shown in Figure B .55, for a variety of incident energies and directional distributions. The directional distribution of the incident electrons has a strong influence on the deep dose-equivalent index.
B.3.4 Comparison of ICRU Sphere Data and MIRD-5 Phantom Data
In Figure B .56, the largest of the resulting organ dose equivalents and the effective dose equivalent per unit electron fluence are plotted for AP incidence. (Most organ dose equivalents, as well as the effective dose equivalent, have their largest values for AP incidence because of the anterior position of most organs.) The increase of the effective dose equivalent with increasing energy is due to the increase of electron range.
For comparison with the sphere data, Figure B .56 also contains the values of dose equivalent obtained in the ICRU sphere at 10 and 0.07-mm depth for unidirectional radiation. The 10-mm dose equivalent approximately follows the envelope for the organ doses and is, therefore, a useful estimator for these doses. It also exceeds the effective dose equivalent. The 0.07mm dose equivalent does not follow the envelope for the superficial organ doses because it is subject to the secondary-electron build-up effect. , HE, and maximum dose equivalents, Hm, in organs, as a function of electron energy. Calculations were made for the ICRU sphere or the MIRD-5 type male phantom exposed to a broad unidirectional beam in AP direction (Harder, private communication, 1983 ).
It can be concluded that the ambient dose equivalent, H*(lO) approaches the deep and superficial organ dose equivalents and exceeds the effective dose equivalent for high-energy electron exposure of the body in the range of energies investigated.
